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An ultra-wideband pattern reconfigurable antenna
based on graphene coating™
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An ultra-wideband pattern reconfigurable antenna is proposed. The antenna is a dielectric coaxial hollow monopole
with a cylindrical graphene-based impedance surface coating. It consists of a graphene sheet coated onto the inner surface
of a cylindrical substrate and a set of independent polysilicon DC gating pads mounted on the outside of the cylindrical
substrate. By changing the DC bias voltages to the different gating pads, the surface impedance of the graphene coating can
be freely controlled. Due to the tunability of graphene’s surface impedance, the radiation pattern of the proposed antenna
can be reconfigured. A transmission line method is used to illustrate the physical mechanism of the proposed antenna. The
results show that the proposed antenna can reconfigure its radiation pattern in the omnidirectional mode with the relative
bandwidth of 58.5% and the directional mode over the entire azimuth plane with the relative bandwidth of 67%.
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1. Introduction

Graphene, which is an extraordinary material with many
unique properties and superiorities, has been extensively
investigated in optical, mechanical, thermal, and electri-
cal fields,!' including transparent conductors for touch

s,[451 flexible electronics,!®! interconnects,!”! surface

10]

screen
plasmon polaritons (SPPs) waveguides,®”! phase shifters, !
and absorbers.[!!'"13] Thanks to the dynamical tunability
of graphene conductivity that results from its field ef-
fect by applying adequate bias electrostatic, the reconfig-
urable graphene-based antenna has also attracted growing
attention.!'*291 In the previous efforts, graphene was applied
to planar or planar array with periodic units in the design
of leaky-wave antennas (LWA),[!>-16] reflector antennas,!'7!8]

19,20

and low-profile antennas.!!>?1 Graphene is usually used for

antennas in two forms: 1) acting as an actual radiation
part, which, however, leads to a low radiation efficiency
due to the loss caused by the real part of graphene surface

21,22

conductivity; 21?2 2) being employed as a parasitic compo-

nent, which enhances the radiation performance owning to di-
minish the loss.[?324

Recently, the graphene impedance surface is frequently
presented to improve the performances of various antennas.
These researches are mainly concentrated on THz and opti-

cal frequencies and are rarely involved in microwave range.
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However, with the development of art methods, large graphene
flakes and graphene transferred onto flexible substrates can be
produced. The technical progress makes it possible to develop
graphene-based antenna with high performance in microwave
frequencies.[2>-26]

In the microwave band, graphene has an outstanding
characteristic, i.e., the real part of the surface impedance
(Re(Zs) = R.(1/0y)) of graphene is very high without bias and
becomes lower when the bias electrostatic increases. There-
fore, graphene can act as a high impedance surface (HIS) on
low bias electrostatic or a low impedance surface (LIS) on high
bias electrostatic.!!*! Moreover, the Re(Z;) varies from a few
ohms to thousands of ohms. This means that the surface re-
sistance realizes a metal-insulator transition. These charac-
teristics have been employed to develop some novel antennas,
such as smart antennas.!'*! These previous antennas, however,
have obvious disadvantages of a narrow bandwidth and a lim-
ited tunable range of radiation direction, which extremely limit
their practical application.

In this paper, we propose a cylindrical graphene coating
(CGC) in microwave range, which is made of graphene trans-
ferred onto the inner surface of SiO, substrate (the relative
permittivity is &) and a set of independent polysilicon pads
located outside the cylinder. Furthermore, we design an ultra-
wideband pattern reconfigurable antenna which consists of a
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monopole and the CGC. The proposed antenna has high radia-
tion performance in an ultra-wideband because of the charac-
teristic of the metal—insulator transition of the graphene coat-
ing. Meanwhile, the antenna realizes directional radiation,
whose direction can be continuously adjusted in the entire az-
imuth, or omnidirectional radiation.

The rest of this paper is arranged as follows. The surface
impedance of the graphene in microwave range is presented
in Section 2. In Section 3, the design of a 3D ultra-wideband
pattern reconfigurable antenna with CGC is given. In order
to demonstrate the ultra-wideband and reconfigurable radia-
tion characteristics of the proposed antenna, numerical results
are analyzed using the transmission line (TL) model and sim-
ulated using CST software respectively in Section 3. Finally,
the conclusions are drawn in Section 4.

2. Graphene-based impedance surface in mi-
crowave band

Graphene can be regarded as an infinitesimally thin sur-
face, whose surface conductivity o in the absence of mag-
netostatic bias and spatial dispersion is analytically expressed
using the well-known Kubo formula!?”!

_ je(w—j2r)
N h?

1 = (9/ae) dfa(—€)
% {(w—jZF)Z/o 8( de ge )%
[ _9fa(—¢€)—dfa(e)
| (@ tmr=senr) .
where € is the energy, 7 is the reduced Planck’s constant, e is

the charge of an electron, fg(€) = 1/(exp{(e — ) /kpT}+1)
is the Fermi-Dirac distribution,?8! kg is the Boltzmann’s con-

S

stant, and o, U, I', and T are the angular frequency, the chem-
ical potential (it is determined by either an applied biasing
electrostatic or chemical doping), the phenomenological scat-
tering rate, and the temperature, respectively. In Eq. (1), the
first and the second terms are called the intraband conductiv-
ity and the interband conductivity, respectively. The intraband

term can be evaluated as[?”]

e’kgT /2I" (uc
mh?(1+jw/2r) \ksT

Ointra =

+21In(eHe/keT 4 1)) ., ()

and the interband term, in general, must be evaluated numeri-
cally. Now, the surface impedance of graphene is defined as

Zs (Ep) = 1/05 = Rs (Ev) +Xs (Ep) 3)

where Ry and X; are the surface resistance and the sur-
face reactance, respectively. Assuming non-chemically doped
graphene, the electrostatic E}, regulates the carrier density as
ns = &&Ey,/e. Moreover, the carrier density is related to L. as

2

ng= —=—
Th? v%

| el —po—file+pde. @)

For T =300 K, t=0.1 ps, ' = 1/7, and v = 9.5 x
10° m/s, we obtain the surface impedance of graphene depend-
ing on frequency from Eqgs. (1)—(4) by changing the biased
electrostatic, as shown in Fig. 1. One can obtain the following
conclusions. 1) The intraband contribution is dominant, which
means that the interband term can be neglected. 2) The real
part of the surface impedance remains approximately constant
and is far larger than the image part. This means that the sur-
face reactance can also be ignored. 3) The surface impedance
becomes lower with the biasing electrostatic increasing and
the real part varies from thousands of ohms to a few ohms.
This causes the surface resistance metal-insulator transition
of the surface resistance. Therefore, a reconfigurable antenna
can be constructed by adjusting the graphene’s metal—insulator
transition, which is tuned by the biased electrostatic.
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Fig. 1. (color online) Frequency dependence of graphene parameters. (a)
Total and intraband term of surface resistance and surface reactance. (b)
Surface resistance and surface reactance of intraband term for different Ej,.

3. A 3D ultra-wideband pattern reconfigurable
antenna with CGC

The configuration of the proposed antenna and its front-
penetrative view are shown in Figs. 2(a) and 2(b), respectively.
The number N of the polysilicon pads is set to be 36 and each
polysilicon pad is labeled with an integer i (1 < i < 36) the
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graphene sheet is then correspondingly divided into 36 subdo-
mains and each subdomain is also labeled with i. Throughout
this study, the order of 7 in the Cartesian coordinate system re-
mains unchanged, as shown in Fig. 2(b). It is well known that
the bias electrostatic Ey,; is decided by the applied DC voltage

11111

ground N\
of antenna'\

Vpci, and furthermore the surface impedance for the i-th sub-
domain of the cylindrical graphene-based coating is controlled
by the bias electrostatic Ey; (see Eq. (3)). Therefore, we can
control the surface impedance of graphene for each subdomain
by changing the DC voltage Vpc; freely.

111111111000000000000000000

1

T
9
Fig. 2. (a) The proposed reconfigurable antenna using a CGC with the radius of d, (b) the front-penetrative view of the proposed configuration, and (c) an
example of the binary code. The polysilicon pads (yellow in the insert) are used to control the graphene conductivity oy as a function of the bias electrostatic

by applied DC voltage Vpc;. All dimensions are in millimeters: Gy, = 20, the length / of the monopole and its ground diameter are 4.5 and 40, respectively.
The distance between the pads satisfies g << s. The polysilicon pads and the SiO, substrate (with the thickness of 7) are excluded in the subsequent

. .
.......
--------

simulation because of their extremely thin profile.[!®!

In the fabrication of the proposed antenna, 36 pairs of
wires can be used to bias the graphene. The two terminations
of one end of each pair insert into a small hole on the ground
of the antenna near the coating and connect the graphene and
pad by conductive silver paste, and these of the other end con-
nect the DC power. It is obvious that the variohm should be
joined between graphene and the DC power to change the DC
voltage and bias the corresponding subdomain graphene. It
is worth pointing out that 1) 36 variohms are needed, 2) these
variohms should be placed in the back of the antenna’s ground,
and 3) the electric potentials of all the terminations connect-
ing graphene are equal. Therefore, the loss effect of the wire
can be neglected if all the wires in the front of the antenna’s
ground are very short.

In this work, we will use two states: 1) LIS with a smaller
surface impedance for the graphene with a relative high bias
electrostatic; and 2) HIS with a larger surface impedance for
the graphene with a low bias electrostatic. For convenience
in following description, the LIS and the HIS are denoted by
binary codes “1” and “0”, respectively. As shown in Fig. 2(c),
for example, the case of the subdomains from 1% to 18™ being
LIS and the rest being HIS is coded as 1...10...0

N

TERTTIERRILRRLRLLY

15 18 21 24 27 30 33 36
(c)

3.1. The ultra-wideband impedance characteristics of the
proposed antenna

The TL method and the ABCD transmission matrices are
used to analyze the ultra-wideband impedance characteristics
of the proposed antenna. As shown in Fig. 2(a), when the
monopole is loaded by an excitation source, the electromag-
netic wave can be radiated from it and propagate in the free
space between the monopole and CGC, the current is then in-
duced on the graphene of CGC, and finally the radiated wave
spreads across the free space outside the CGC. Therefore, the
proposed antenna can be seen as a TL model with four cas-
caded networks, as shown in Fig. 3.

The transmission line (its length and characteristic admit-
tance are d and Yy = 1/1207 S, respectively) in section (ii) is
the equivalence of the free space between the monopole and
the coating, Y,p in section (i) represents the admittance of the
monopole, and Y; in section (iii) and ¥y in section (iv) repre-
sent the admittances of graphene and the outer free space, re-
spectively. The Yy, is mainly determined by the length [ of the
monopole, and then it can be used to obtain the inherent reso-
nant frequency fp (or the inherent resonant wavelength Ag) of
the monopole. For / = 4.5 mm, fy is approximately equal to
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15 GHz, that is, I ~ 0.2252y.

Yo Y,

z; K:K)

(iii) 1 (iv)

d

.. |
(ii) ,
Fig. 3. The TL model of the antenna.

The ABCD matrices for sections (ii) and (iii) are ex-

pressed as
[A B} _ | cosh(jB.d) w NG)
CDlu | Yysinh(jBud) cosh(jBud)
A B 1o
[CDLi[Ygl]' “

Then, the chain transmission matrix of the above two sections
is derived as

A B

o5
B [cosh(jﬁnd)+Yg/Yosinh(jﬁnd) sinh(jB,d) /Yo
| Yosinh(jB,d) + Yecosh(jBad)  cosh(jB.d)

Therefore, the input admittance of ¥;, in Fig. 3 can be

. (D

written as
C/YL +D .

n = AV +B = Yinre  J¥in1m> )]
where

;Y5 (Ye+Yo)sec? (Bud)

in,Re — > 2 2 )

Y¢+ (Yo +Yo) tan? (B,d)
, YoY (Y +2Yy) tan (B,d)
inJm — —

Y2+ (Yo +Y0) tan? (B,d)

From Fig. 1, Y, in the microwave region can be consid-
ered as real numbers. The cascaded networks (ii), (iii), and (iv)
illustrate the coupling relationship between the monopole and
the graphene-based coating. From Eq. (8), it can be derived
that there are a serial of coupling resonances when Yi;,lm =0
(i.e. tan(B,d) = 0), and then the corresponding coupling fre-
quencies may be determined as

- nco

fn - 5;»

where ¢ is the speed of the electromagnetic wave in the free

(n=1,2,3,...), )

space, and n is the order of the coupling frequency. The f] cor-
responds to the first-order or major coupling frequency, while
the other f,, denotes the high-order coupling frequency. From
Eq. (9), we can see that the coupling frequencies vary as a
function of the radius d of the CGC.

To investigate the influence of radius d on the impedance
bandwidth of the proposed antenna, we simulate the reflection
coefficient using commercial software CST Microwave Stu-
dio with all the surface impedances of the 36 subdomains of
graphene (see Fig. 2(a)) being 300 Q, as shown in Fig. 4(a).

S, /dB

10 15 20 25 30 35
Frequency/GHz

10 A (b)
g ]
~ - - Z,=60Q
% — Z,=300 Q
—20 ——Z,=500 Q
- Z,=1000 Q
i ]
i
-30 - - - ! -
10 15 20 25 30

Frequency/GHz

Fig. 4. (color online) Simulated S1;. (a) The monopole and the proposed
antenna for different d. (b) The proposed antenna for different Z;.

Figure 4 shows that there are many resonant frequencies,
where the first frequency (fp) is mainly determined by the
length of the monopole and the others (f,, n =1,2,3,...) are
caused by the coupling resonance of the monopole and the
CGC. These coupling frequencies can also be obtained from
Eq. (9). In order to validate it, we compare the coupling fre-
quencies calculated by Eq. (9) with those extracted from the
simulations (see Fig. 4(a)), as listed in Table 1, where f,_qn
and f,,_s are the coupling frequencies obtained from Eq. (9)
and CST, respectively. It is obvious that the coupling frequen-
cies calculated from Eq. (9) agree well with those simulated
by CST, and then the accuracy and the effectiveness of the
above analysis are validated. In Table 1, f>_.s for d < 8.5 mm
and f3_cg for d < 10 mm are higher than 35 GHz, thus they
are not exhibited in Fig. 4(a); f3_cs for d < 8.5 mm are not
listed because they are very inconspicuous in the simulated
results; fi_cst for d > 10 mm are also not listed because
it is drowned in the inherent resonance. By optimizing the
coupling resonance of the antenna, the multiple resonance fre-
quencies can be brought closer,!?*=? and the ultra-wideband
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Table 1. Coupling frequencies (GHz) and the relative error (%) simulated by TL method and CST for different d (mm).

d Sf1-tim Siest Error Sfo—tm Sfr—est Error S3—tim Sfr—est Error
6.5 23.1 233 0.87 46.2 45.6 1.30 69.2 - -
7.5 20.0 20.0 0.00 40.0 40.5 1.25 60.0 - -
8.5 17.7 18.0 1.70 35.3 36.1 2.27 53.0 - -
10 15.0 - - 30.0 31.0 3.33 45.0 46.1 2.44
20 7.5 - - 15.0 15.8 5.33 22.5 23.0 2.22

impedance characteristic is then obtained. Figure 4(a) shows
that an ultra-bandwidth of 52.5% is realized when d = 7.5 mm.

Moreover, when all of the surface impedances of the 36
subdomains of graphene have the same value and the val-
ues are 60 Q, 300 Q, 500 Q, and 1 kQ, respectively, the re-
flection coefficients of the proposed antenna are displayed in
Fig. 4(b), which shows that the widest relative bandwidth in-
creases to 58.5% when Z; equals to 500 Q. This implies that
the graphene with 500 Q matches the monopole to free space
better. 3]

The above investigations are based on the same
impedances; namely, the impedance of LIS is equal to that
of HIS for each subdomain of graphene. For example, for four
curves in Fig. 4(b), the impedance of each subdomain is equiv-
alent to 60 Q, 300 Q, 500 Q, and 1 kQ, respectively. In order
to further study the influence of the surface impedance on the
performance of the proposed antenna, we define Ry js—Rpyis as
the different impedance counterpart of LIS and HIS, that is the
LIS and HIS having different impedances. Here, the LIS and
HIS are coded by 1\/_1/9\/_9 (see Fig. 2(c)), and Ryis—Rus

are respectively 5—371§ Q, ]58—1000 Q, 5-5000 Q, 50-5000 Q,
and 377-5000 Q, we simulate the reflection coefficients for
these five cases, as shown in Fig. 5(a). We can clearly see
that Ry ;s—Rps has great influence on the bandwidth of the an-
tenna. When Ry ;s—Rys is 5-5000 €, the antenna occupies the
greatest bandwidth. On the other hand, the coupling resonance
becomes stronger and stronger with the decrease of Ry js—Rys,
which means that the metallicity of the graphene is more ob-
viously.

For the given Ry 1s—Ryss, such as 5-5000 Q, the different
binary codes of LIS and HIS may affect the impedance band-
width of the proposed antenna. To verify this, we take binary

codes of 1...10...0, 1...10...0, 1...10...0, 1...10...0,
PN VA A A i

5 31 14 2 18 18 2 14
1...10...0, and as examples to simulate the reflection co-
——

27 9
efficient, as shown in Fig. 5(b). We observe that there are

two resonances, which correspond to the inherent resonance
and the first-order coupling resonance, and the two resonances
are influenced by the subdomain number of LIS. In detail,
the coupling resonance becomes strong whereas the inherent
resonance becomes weak with the increase of the subdomain
number of LIS. Because of its multiple resonance character-
istic, the proposed antenna can operate in ultra-wideband by

[31

optimizing the geometric parameter.l*!l It is worthy to note

that, in this design, the optimized relative bandwidth of 67%
is achieved for the binary code of 1...10...0 and LIS-HIS of

18 18
5-5000 .

- = =5-377Q
5—1000 Q

—5-5000 Q2

F e L 50—5000 €

L R 377—5000

— — monopole
1 1 1

S,./dB

10 15 20 25 30 35
Frequency/GHz

— — — monopole
1..10..0
[V RSV}

S, /dB

£l
V£
Nl -
i
c

—30 5 -

10 15 20 25 30 35
Frequency/GHz

Fig. 5. (color online) The S1; of the monopole and the proposed antenna
surrounded by the CGC with (a) the same binary code and (b) different
binary.

3.2. Pattern reconfiguration characteristics of the pro-
posed ultra-wideband antenna

As described above, the graphene acts as a metallic plate
for the lower impedance, this is used to control the radiation
pattern of the antenna. Fortunately, the size and position of the
metallic plate can be modified by controlling the biased volt-
age Vpci, which results in the tunability of the radiation pattern
of the antenna. In order to demonstrate this, we set Ry ;s—Rpuis
as 5-5000 Q and simulate the radiation patterns for different
binary codes of LIS and HIS, as shown in Figs. 6 and 7. From
Fig. 6(a), we can see that when the code is setas 0...0 (namely

—~

36
all the surface impedances of the 36 subdomains are 5000 Q),

118402-5



Chin. Phys. B Vol. 25, No. 11 (2016) 118402

the antenna is omnidirectional with the gain of 2.81 dB, cor-
responding to the radiation of the monopole. However, for
the other codes as shown in Figs. 6(b)-6(d), the antenna gives
directional radiation and its directivity is changed when the

(a)

code is altered, implying tunability of radiation pattern. Fur-
thermore, we also observe that the elevation angles of the main
lobe vary between 20° and 30° in the whole frequency range
(see Fig. 7), showing perfect radiation performance.

11.2
8.43
5.62
2.81

—7.19
—14.4

Fig. 6. 3D radiation pattern under the conditions of (a) 0...0 at 14 GHz, (b) 1...10...0 at 14 GHz, (¢)0...01...1 at I8 GHz,and (d) 1...10...01... 1 at
~—— N~ N~ N

36
22 GHz.

—=—0...0 at 14 GHz
—

36

101 —+—1..10..0 at 14 GHz
o] e
—o—(..0L.1 at 18 GHz
—10- 18 18
4 1..10..01..1 at 22 GHz
20 o TS
710-
0_
101
——0..0 at 14 GHz
o] ®) Lt
—+—1..10..0 at 14 GHz
N e
—o0..01...1 at 18 GHz
10+ e
4 1..10..01..1 at 22 GHz
—201 270 90 v T
_10-
0-
104

180

Fig. 7. The (a) E-plane and (b) H-plane radiation patterns along the main
beam corresponding to Fig. 6.

In order to further investigate the radiation performance
of the antenna, we simulate the H-plane half-power beam
(HPBW) for different numbers of the LIS subdomains, as
shown in Fig. 8. When the number of the LIS subdomains
is 18, 12, and 6, the HPBW is 79.1°, 97.9°, and 151.5°, re-
spectively, which implies that the H-plane HPBW of the an-
tenna increases with the reduction of the number of the LIS
subdomains. Actually, the increment of the number of the LIS
subdomains is to enlarge the size of the metallic plate, and
hence the HPBW can be effectively reduced. Therefore, it is
convenient to control the HPBW of the antenna by changing
the number of the LIS subdomains.

18 18 18 9 18 9
0
10+
—0...00...0
01 = =0...00...00...0
—204270 90
—10
0_
10-

180

Fig. 8. The H-Plane radiation patterns with different numbers of LIS sub-
domains at 14 GHz.

4. Conclusion

We have proposed an ultra-wideband pattern reconfig-
urable antenna with graphene-based coating in microwave re-
gion. The antenna is a coaxial hollow dielectric monopole
coated by a cylindrical graphene-based impedance surface. A
transmission line method has been used to validate the ultra-
wideband impedance characteristic. By changing the bias
voltages applied to the graphene, the proposed antenna can
work in the directional mode orienting in arbitrary azimuth or
omnidirectional mode. Furthermore, the gain of the proposed
antenna increases compared to that of the monopole without
the graphene coating. The pattern reconfiguration and the op-
timized relative bandwidths of 67% (for directional mode) and
58.5% (for omnidirectional mode) are obtained, which extends
the applications of the proposed antenna significantly.
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